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Backward stimulated Raman scattering (BSRS) with Langmuir decay instability (LDI) and Lang-
muir collapse has been researched by Vlasov simulation for the first time. The decay productions
of LDI cascade and their evolution with time is clearly demonstrated, which occurs simultaneously
with Langmuir collapse. The BSRS reflectivity will be decreased largely through LDI cascade and
Langmuir collapse. In CH plasmas, when Ti/Te = 1/3, the Landau damping of the slow ion-acoustic
wave (IAW) is lower than that in H plasmas. Therefore, the BSRS can be further suppressed through
LDI cascade by the way of controlling the species of plasmas and ions ratio. These results give an
effective mechanism to suppress the BSRS and hot electrons generation.
PACS numbers: 52.38.Bv, 52.35.Fp, 52.35.Mw, 52.35.Sb
Backward stimulated Raman scattering (BSRS)[1–4],
i.e., the incident electromagnetic (EM) wave decays into a
Langmuir wave (LW) and a inverse scattered EM wave, is
detrimental in the inertial confinement fusion (ICF) [5–7]
experiments. Because BSRS will lead to a net energy loss
of the incident laser beams and may affect the irradiation
symmetry, in addition, the LWs will generate fast elec-
trons which is able to preheat the fusion fuel. The sup-
pression of BSRS is an important component of the laser-
driven ICF research. A possible saturation mechanism
for BSRS is the Langmuir decay instability (LDI, the pro-
cess by which the primary LW decays into an ion acoustic
wave (IAW) and a secondary LW) [8–12] or the Langmuir
collapse [13]. Especially, Fouquet [12] researched the ef-
fect of LDI on BSRS in an inhomogeneous plasma, and
found that LDI can suppress the gradient stabilization,
thus leading to a significantly increased BSRS reflectivity.
However, in homogeneous plasmas, the results were op-
posite. Kirkwood [8] found that the BSRS reflectivity in
a homogenous plasma depended directly on IAW damp-
ing and increased with the IAW damping. In this Let-
ter, our view is that with the IAW damping increasing,
the LDI will be suppressed, thus less BSRS LW energy
will transfer to the IAW and decay LW, as a result, the
BSRS reflectivity will increase in homogeneous plasmas.
We have also demonstrated the clear physical pictures of
LDI cascade and its decay productions through Vlasov
simulation, which is an important saturation mechanism
of BSRS.
Corresponding experiments carried out by Depierreux
et al. [9] reported the observation of IAWs resonantly
produced by LDI for the first time, thus they thought
the presence of LDI linked to BSRS was fully confirmed.
However, Montgomery [10] gave a comment on the work
in Ref. [9] and he thought the IAW spectra did not con-
clusively support the case for LDI cascade. In Mont-
gomery’s opinion, the IAW spectra could be the result of
either strong turbulence due to Langmuir collapse [13, 14]
or multiple LDI cascades in an inhomogeneous plasma.
In this Letter, we will give a clear demonstration of the
LDI cascade productions and the LDI cascade evolution
with time for the first time. And at the same time, the
Langmuir collapse also occurs simultaneously in our sim-
ulation parameter kL1λDe = 0.18 (kL1 is the wave num-
ber of BSRS LW and λDe is the electrons Debye length),
which is different from Ref. [11] where kL1λDe > 0.2 and
the Langmuir collapse did not occur in that parameter
region.
A model is demonstrated to show the BSRS and LDI
process. As shown in Fig. 1, a strong collision damping
layer is added to the two sides of the plasmas bound-
aries, as a result, the plasmas waves such as Langmuir
waves and ion-acoustic waves will be damped and nearly
not be reflected in the boundaries. An one dimension in
space and three dimensions in velocity (1D3V) Vlasov-
Maxwell code [15, 16] is used to simulate the BSRS and
LDI process in different cases of species. We have taken
the H plasmas and CH (1:1) plasmas as typical exam-
ples. To compare the BSRS process without LDI pro-
cess, we have also given the example of the fixed back-
ground ions. The electrons density is ne = 0.2nc, nc
is the critical density for the incident laser. In these
cases, the density is as large as 0.2nc so that the BSRS
rescatter[17] doesn’t occur. And the electrons tempera-
ture is Te = 2.5keV , so the wave number of BSRS LW
(denoted as LW1) is kL1 = 1.18c/ω0 = 0.18λ
−1
De (c and
ω0 is the vacuum velocity and frequency of the incident
laser, λDe is the electrons Debye length). The ions tem-
perature Ti is assumed to be the same and Ti/Te = 1/3.
The linearly polarized laser intensity in our simulation is
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2I = 3×1015W/cm2 with wavelength λ0 = 0.351µm. The
spatial scale is [0, Lx] (Lx = 500c/ω0 with 2× 5%Lx vac-
uum layers and 2×5%Lx collision layers in the two sides
of plasmas boundaries) discretized with Nx = 5000 grid
points and space step dx = 0.1c/ω0. The total simulation
time is tend = 5× 104ω−10 discretized with Nt = 5× 105
and time step dt = 0.1ω−10 . And the velocity scale is dis-
cretized with Nv = 512 grid points. Fig. 1 demonstrates
the schematic of BSRS and LDI process. Firstly, the inci-
dent electromagnetic (EM) wave decays into a scattered
EM wave and a Langmuir wave (LW) through BSRS.
The matching conditions for BSRS is: ω0 = ωs + ωL1
and ~k0 = ~ks + ~kL1, where ωi and ~ki are the frequencies
and wave numbers of the incident laser (i = 0), scatter-
ing laser (i = s) and BSRS Langmuir wave (i = L1).
Secondly, the LW (denoted as L1) generated by BSRS
will decay to a secondary Langmuir wave (L2) and an
ion-acoustic wave (IAW2) if the density fluctuation of
pump LW satisfies the threshold for LDI[18]:
(
δn
n
)LDI = 2kL1λDe
√
(
νia2
ωia2
)(
νL2
ωpe
) (1)
where kL1 is the wave number of the LW generated by
BSRS, νL2 is the linear damping of the secondary LW
generated by LDI, νia2 and ωia2 is the linear damp-
ing rate and the frequency of IAW generated by LDI.
ωpe =
√
4pinee2/me is the plasmas frequency of elec-
trons. Only Landau damping of LW and IAW is con-
sidered. Similarly, the matching conditions for LDI is:
ωL1 = ωL2 + ωIAW2 and ~kL1 = ~kL2 + ~kIAW2. And the
wave numbers of the secondary LW and IAW generated
by LDI are: |~kL2| = |~kL1| −∆k, |~kIAW2| = 2|~kL1| −∆k,
where ∆k  |~kL1|. And the wave vectors of the LWs
(~kLn) and IAWs (~kIAWn) generated in step n− 1 of the
LDI cascade are: |~kLn| = |~kL1| − (n − 1)∆k, |~kIAWn| =
2|~kL1| − (2n− 3)∆k.
Through the dispersion relation of the LW and the
IAW: ω2L = ω
2
pe + 3k
2
Lv
2
te, ωs = kscs, where subscript
L denotes the Langmuir waves of LDI, and subscript s
denotes the IAW of LDI, vte is the electrons thermal ve-
locity and cs is phase velocity of IAW, then we can obtain
∆k =
2
3
1
λDe
cs
vte
. (2)
In H plasmas, cs '
√
ZiTe/mi, Zi,mi are the charge
and mass of H ions. However, in CH (1:1) plasmas, for
ks ' 2kL1, the frequency ωs and thus the phase velocity
cs = ωs/ks of the IAW can be solved by[19, 20]
L(ωs, ks = 2kL1) = 1 +
∑
j
1
(ksλDj)2
(1 + ξjZ(ξj)) = 0,
(3)
where Z(ξj) = 1/
√
pi
∫ +∞
−∞ e
−v2/(v − ξj)dv is the disper-
sion function, and ξj = ωs/(
√
2ksvtj) is complex and
ne/nc
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FIG. 1. (Color online) The schematic of the BSRS and LDI
process. The strong collision damping layer is to absorb the
LWs and IAWs, and prevent the electrostatic waves from re-
flecting.
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FIG. 2. (Color online) The dispersion relation of (a) the elec-
tromagnetic waves and (b)-(d) electrostatic waves in the case
of CH plasmas.
ωs = Re(ωs) + iγ, γ is the Landau damping; vtj =√
Tj/mj , λDj =
√
Tj/4pinjZ2j e
2 is the thermal veloc-
ity and the Debye length of specie j (j represents elec-
trons, H ions or C ions). And Tj , nj ,mj , Zj are the tem-
perature, density, mass, and charge number of specie j,
respectively. In this letter, Ti/Te = 1/3, the Landau
damping of the slow mode is much lower than the fast
mode, so the slow IAW mode will be excited in the case
of CH plasmas.
Figure 2 shows clearly the process of BSRS, LDI and
multi-stage LDI (called LDI cascade). The corresponding
wave numbers and frequencies of the LW and IAW gen-
erated by BSRS and LDI are listed in Table I. In the con-
dition of Ti/Te = 1/3 in CH plasmas, kIAW2 ' 2kL1 =
0.36λ−1De, through Eqs. (2) and (3), cs/vte ' 0.1558, thus
∆k = 0.0665ω0/c. In our simulation, the value of ∆k is:
∆k = |kL1|− |kL2| = |kL2|− |kL3| = 0.063ω0/c. The sim-
ulation results are consistent to the theoretical calcula-
tions. The electrons temperature is Te = 2.5keV and the
3TABLE I. The wave numbers and frequencies of LW and IAW
generated by BSRS and LDI in CH plasmas. (The sign of the
wave numbers represents the direction of the wave vectors.
The wave numbers k are normalized to ω0/c, the frequencies
ω are normalized to ω0.)
BSRS [k0, ω0] [ks, ωs] [kL1, ωL1]
Theory [0.894, 1] [-0.285, 0.531] [1.180, 0.469]
Simulation [0.888, 1] [-0.283, 0.528] [1.177, 0.472]
1st LDI [kL1, ωL1] [kL2, ωL2] [kIAW2, ωIAW2]
Theory [1.180, 0.469] [-1.113, 0.4671] [2.293, 0.0025]
Simulation [1.177, 0.472] [-1.114, 0.4695] [2.298, 0.0026]
2nd LDI [kL2, ωL2] [kL3, ωL3] [kIAW3, ωIAW3]
Theory [-1.113, 0.4671] [1.047, 4.648] [-2.160, 0.0024]
Simulation [-1.114, 0.4695] [1.051, 0.4666] [-2.172 0.0025]
electrons density is as large as ne = 0.2nc, thus the BSRS
rescatter [17] is excluded. We have checked the BSRS and
stimulated Brillouin scattering (SBS) [21–24] reflectivity
(not shown here), the reflectivity of SBS is much lower
than that of BSRS. So the SBS effect can be neglected.
These results verify that the LDI and LDI cascade occur
and will dominate the saturation of BSRS. On the other
hand, the continuous LW spectrum is due to the LW
collapse[13]. However, we can distinguish several-order
LWs (LW1, LW2, LW3, LW4, LW5, LW6) generated by
the LDI cascade very clearly. Thus, the LDI cascade
and Langmuir collapse will be the dominant saturation
mechanism of BSRS.
The BSRS reflectivities in different cases of species
have been shown in Fig. 3. We can find that the BSRS
reflectivity in the case of fixed background ions is much
larger than that in the cases of mobile ions. During the
simulation time [0, 5 × 104ω−10 ], the average reflectivity
of BSRS in the case of fixed background ions is 43.1%,
while the average BSRS reflectivity in the case of H mo-
bile ions is 18.0% and that in the case of CH mobile
ions is 17.2%. For the electrons fluctuation (produced
by LWs) will make the mobile ions oscillate with a low
frequency, the IAWs will be generated. The nature of
this process is the Langmuir decay instability, which can
transfer the energy of pump LW generated by BSRS to
the IAW and the decay LW. And the decay LW is non-
resonant with BSRS pump light and scattering light. At
the same time, the energy of BSRS LW will be dissi-
pated by Langmuir collapse. Thus, the BSRS LW energy
will be reduced and the BSRS reflectivity will be reduced
very much by LDI cascade and Langmuir collapse mech-
anism. As the Landau damping of slow IAW mode in
CH plasmas (γ2/Re(ωs) = 0.1212) is a little lower than
that of IAW in H plasmas (γ1/Re(ωs) = 0.1884), the LDI
in CH plasmas will be stronger than that in H plasmas.
Thus, the BSRS reflectivity in CH plasmas will be a little
weaker than that in H plasmas.
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FIG. 3. (Color online) The reflectivity of BSRS in the cases
of fixed background ions, H mobile ions and CH mobile ions.
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FIG. 4. (Color online) The wave-number time evolution of (a)
electrons density fluctuation, (b) H ions density fluctuation
and (c) C ions density fluctuation in the case of CH plasmas.
To clarify the LDI cascade process, the wave-number
spectrum evolution with time is shown in Fig. 4. The
time can be divided into three region approximately: (1)
Region I, BSRS region, ω0t ∈ [0, 8300] and BSRS de-
velops from ω0t ' 4500; (2) Region II, BSRS+LDI re-
gion, ω0t ∈ [8300, 14000]; (3) Region III, BSRS+LDI
cascade region, ω0t ∈ [14000, 50000]. In Region I, the
electrons density fluctuation spectrum (corresponding to
the LW spectrum) shows a single-wave-number spectrum
with time. The wave number is kL1 = 1.174ω0/c corre-
sponding to LW generated by BSRS and keep constant.
This result is consistent to the BSRS reflectivity as shown
in Fig. 3 and interprets that the BSRS develops without
LDI until ω0t ' 8300. In Region II, the first LDI has
developed. The LW wave-number spectrum (Fig. 4(a))
starts to demonstrate a broadening towards small wave
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The wave-breaking max-
imum electrons-velocity
and energy estimation in
warm-nonrelativistic con-
dition. (b) The energy
corresponding to the LW
phase velocity in the con-
dition of nonrelativistic
and relativistic condition.
The space-average distri-
butions and phase pic-
tures of (c) electrons in
the case of fixed back-
ground ions and (d) elec-
trons, (e) H ions, (f) C
ions in the case of CH mo-
bile ions.
numbers, due to the secondary LW produced in the first
LDI process. Correspondingly, the wave number of the
IAW (Figs. 4(b) and 4(c)) is kIAW2 = 2.348 ' 2kL1
and is generated by the first LDI. When LDI occurs, the
BSRS reflectivity will decrease abruptly and burst after
ω0t ' 8300 (Fig. 3). In Region III, after ω0t ' 1.4×104,
the wave-number spectra of IAWs and LWs will display
the further broadening towards small wave numbers, in-
terpreted as the signature of the LWs and IAWs gener-
ated in the LDI cascade and Langmuir collapse. The LDI
cascade and Langmuir collapse will result in a further
decrease of the BSRS reflectivity after ω0t ' 1.4 × 104
(Fig. 3). Note that Fig. 4(a) also shows the evolution
of a wave-number spectra of the second harmonic cor-
responding to the fundamental LWs, which is related to
the second harmonic shown in Fig. 2(c). However, the
amplitude of the electric field of the second harmonic is
about 3.5% of that of the fundamental LWs. So the har-
monic energy is much lower than the fundamental LWs
energy and the energy loss from the harmonics generation
can be neglected.
Figure 5 gives a snapshot of hot electrons generated
from the electrons trapping in the cases of fixed back-
ground ions (Fig. 5(c)) and CH plasmas (Fig. 5(d)).
The maximum velocity of the hot electrons from trap-
ping is vmax = vφ + vtr = vφ + 2
√
eφmax/me, where
vφ is the phase velocity of the LW and φmax = Emax/k
is the maximum electric potential of LW. In the warm-
nonrelativistic condition, the maximum wave-breaking
amplitude is given by[25, 26]
Emax =
mevφωpe
e
√
1 + 2β1/2 − 8
3
β1/4 − 1
3
β, (4)
where β = 3v2te/v
2
φ. And the wave number of the LW can
be calculated from the LW dispersion relation:
k =
1
λDe
√
v2te
v2φ − 3v2te
=
1
λDe
√
β
3− 3β . (5)
Therefore, the maximum velocity of the hot electrons
vmax can be estimated from the wave-breaking ampli-
tude Emax. Then, the maximum energy of hot electrons
is εmax =
1
2mev
2
max in the nonrelativistic condition and
ε′max = (γvmax − 1)mec2, γv = 1√1−(v/c)2 in the rela-
tivistic condition. The relation of the maximum velocity
vmax, the maximum energy εmax in the nonrelativistic
condition with the phase velocity vφ is shown in Fig.
5(a). In our simulation, vφ/vte = 5.7, thus, the maxi-
mum velocity is vmax/vte ' 12, which is consistent to the
maximum hot-electrons velocity as shown in Fig. 5(c)
and Fig. 5(d). And the corresponding maximum en-
ergy is εmax ' 180keV in nonrelativistic condition and
ε′max ' 427keV in relativistic condition. The energy at
the LW phase velocity calculated by the relativistic and
nonrelativistic condition is shown in Fig. 5(b). How-
ever, the trapping electrons mainly gather around the
LW phase velocity (vφ/vte = 5.7), and the number of su-
perthermal electrons at the end of the distribution is very
small. So the relativistic effect of the electrons around
the LW phase velocity is not obvious here. Figs. 5(c)-5(f)
give the electrons distributions and ions distributions in
the typical cases of fixed background ions and CH mo-
bile ions. When the ions are mobile, the LDI cascade
will occur, which can be observed from the signature of
the ions trapped by the LDI IAW2 (positive phase ve-
locity, denoted as +) and IAW3 (negative phase velocity,
denoted as −) in Figs. 5(e) and 5(f). And also, the elec-
trons will be trapped by the BSRS LW1 (+) and LDI
LW2 (−), LW3 (+) as shown in Fig. 5(d) (only the pri-
mary BSRS LW phase velocity is marked). As the LW
5energy of BSRS will transfer to the decay LW and IAW
through LDI cascade process, at the same time, the en-
ergy of BSRS LW will be dissipated through Langmuir
collapse, the BSRS LW energy will decrease and the de-
cay LW energy is also lower than the BSRS LW energy.
As a result, although the maximum velocity of the su-
perthermal electrons is nearly as the same as the case
of fixed background ions, the proportion of the hot elec-
trons in the case of BSRS with LDI cascade (Fig. 5(d)) is
much lower than the BSRS without LDI (Fig. 5(c)). In
CH plasmas, when Ti/Te = 1/3, the Landau damping of
the slow IAW mode (γs/Re(ωs) = 0.1212) is much lower
than that of the fast IAW mode(γf/Re(ωf ) = 0.691)[19].
Thus, the slow IAW will be excited in LDI. These results
demonstrate that LDI cascade is an effective mechanism
to suppress the generation of hot electrons.
In conclusion, we have demonstrated an effective mech-
anism to suppress BSRS and the hot electrons generation
by Langmuir decay instability cascade and Langmuir col-
lapse. For the cases of mobile ions is much closer to the
realistic condition in NIF, the BSRS with LDI cascade
and Langmuir collapse should be considered. Further-
more, in addition to changing plasmas parameter, laser
parameter, we can control the LDI level, thus BSRS level,
through changing ion species and ions ratio. This topic
we believe is of universal interest to the field of laser par-
ticle interaction.
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